Rayleigh-wave phase velocities are computed at the period range of 20-167 s in southern Africa from a two-plane-wave (TPW) tomography method using 2-D, Born approximation sensitivity kernels. These phase velocities are compared with the results of the TPW method using Gaussian sensitivity functions and the correlation between the two methods is good up to 100 s. The correlation coefficient becomes less than 0.5 at periods greater than 111 s, indicating significant finite-frequency effects at long periods. The correlation of phase velocity between adjacent frequencies increases with period for inversions using the 2-D sensitivity kernels, while such a systematic trend is not observed for inversions using Gaussian sensitivity functions. In addition, low phase velocity anomalies at long periods (111-167 s) are better and more consistently imaged from inversions using 2-D sensitivity kernels. To account for finite-frequency effects and improve resolution, the 2-D sensitivity kernels are therefore recommended in regional TPW tomography.
I N T RO D U C T I O N
Traditional surface wave tomography is based on ray theory, which assumes that surface waves have infinite frequencies and propagate along an infinitely thin great-circle path from a source to a receiver. Because of finite-frequency effects, surface waves are sensitive to structure off the great-circle ray path. This makes ray-theory tomography inadequate in resolving lateral heterogeneous structure with scales smaller than the dominant wavelength. To account for finitefrequency effects, a series of surface wave sensitivity kernels have been applied in global surface wave tomography studies (Ritzwoller et al. 2002; Spetzler et al. 2002; Zhou et al. 2004 Zhou et al. , 2005 . Yang & Forsyth (2006) made the first effort in considering more accurate sensitivity kernels in regional surface wave tomography. They modified Rayleigh-wave kernels developed by Zhou et al. (2004) for an incident plane wave and applied them to the two-planewave (TPW) tomography method . used Gaussian sensitivity functions in the original TPW method to account for the finite width of the sensitivity kernel in Rayleigh wave trains. This approach had been applied in several regional studies (Forsyth et al. 1998; Li et al. 2003 , Weeraratne et al. 2003 Li et al. 2005 , Li & Detrick 2006 Li & Burke 2006) before Yang & Forsyth (2006) technique can better resolve small-scale structure from synthetic data (Yang & Forsyth 2006) , it is not well understood to what degree the results from the original TPW method are valid or biased due to finite-frequency effects. Li & Burke (2006) applied the original TPW method in southern Africa ( Fig. 1 ) and found a reduced velocity layer at the depths of ∼150-250 km beneath a fast mantle lid, suggesting a lithosphere thickness of 180 ± 20 km. Their model also revealed a low-velocity anomaly of ∼100 km width in the mantle lithosphere beneath the Bushveld Province. The low-velocity layer at 150-250 km depths is primarily constrained from long period data, and the size of the anomaly at the Bushveld province is smaller than most of the wavelengths used (e.g. ∼200 km at 50 s). Both observations could be significantly affected by the finite frequency of the data.
In this study, the TPW method with 2-D Born sensitivity kernels is applied to southern Africa to improve the regional shear wave model and to investigate finite-frequency effects. Phase velocity maps obtained from the inversions using the 2-D sensitivity kernels are compared carefully with those from using Gaussian sensitivity functions. Azimuthal anisotropy is also determined for the Kaapvaal Craton from Rayleigh-wave tomography. A 3-D model that is developed from the phase velocities obtained using the 2-D sensitivity kernels reveals several new features. The interpretations and implications of the model are discussed in Section 6.
M E T H O D O L O G Y
The array-analysis tomography method by represents the incoming wavefield with the interference of two plane waves, which often account well for non-planar energy in the incoming waves caused by scattering and multipathing. Using only six model parameters to represent each incoming wavefield, the TPW technique makes the inversion for phase velocity variations more stable than the general approach of Friederich & Wielandt (1995) . To account for finite-frequency effects, adopted a Gaussian sensitivity function along a ray path. The TPW method was improved by Yang & Forsyth (2006) who used 2-D sensitivity kernels to replace the Gaussian sensitivity functions.
Gaussian sensitivity functions
In the original TPW method , phase slowness at every point of the study area is described as a function of the weighted average of velocities at all gridpoints. For a given event, the phase slowness at point (x, y) is given by
where V j is phase velocity at gridpoint j and N is the total number of gridpoints. The weighting factor w j (x, y) is given by
where (x j , y j ) is the location of the j-th gridpoint. This formulation is equivalent to applying a Gaussian smoothing function in phase velocity representation with the smoothing controlled by the characteristic length, L w . The average slowness along a great-circle ray path from the edge of the study area to a station is represented as
where i is the i-th point along the ray path in the study region and K is the total number of the points. If S i (x i , y i )is replaced by eq. (1), the average slowness in (3) can be written as
In eq. (4) the expression in the bracket for each node j can be viewed as the sensitivity of the average slowness to that node. Fig. 2 shows the sensitivity to grid nodes from this function for one event from east using an 80 km smoothing length. The width of the Gaussian sensitivity kernel increases when the smoothing length increases. Significant contributions to the average slowness are from grid nodes close to the ray path and the sensitivity drops quickly as distance from the ray is greater than 40 km, about half of the smoothing length.
2-D sensitivity kernels
Ray theory breaks down when the length scale of lateral structure is smaller than the seismic wavelength because of the finite frequency of seismic waves. 3-D surface wave sensitivity kernels were developed by Zhou et al. (2004) to account for the finite-frequency effects. Based on a forward-scattering approximation, the 3-D Born kernels can be reduced to form the 2-D sensitivity kernels expressing the sensitivities to the local phase velocity perturbation, δc/c.
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where the integration is over the unit sphere,r is the vertical unit vector and ω is the angular frequency (Zhou et al. 2004) . δd can be the phase delay, δφ, or the relative amplitude variation, δ ln A, with Yang & Forsyth (2006) modified the 2-D sensitivity kernels from Zhou et al. (2004) for an incident plane wave on the Earth's surface, and applied them in the TPW method for regional Rayleigh-wave tomography. This method uses the sensitivity kernels for both amplitude and phase and therefore enhances resolution in comparison to the method using Gaussian functions that considers phase sensitivity only. According to Yang & Forsyth (2006) , the 2-D sensitivity kernels for a plane wave are described as
where k is the wavenumber of surface waves, x is the distance from a scatterer to a receiver and x is the differential propagating distance between the direct incoming wave arriving at the receiver and arriving at the scatterer; R and R are receiver polarization vectors for direct incoming waves and scattered waves, respectively. R and R are same when only the vertical component of Rayleigh waves is used. As discussed by Yang & Forsyth (2006) , the kernels in eqs (6) and (7) are for single frequency observables of phase and amplitude from unwindowed seismograms. For windowed and filtered surface waves, the kernels should be the integral of sensitivity kernels over a range of frequencies centred at the frequency of interest. A Gaussian smoothing function is applied to the integral kernels to interpolate between gridpoints and stabilize the inversion for lateral velocity variations. The smoothed kernels (Figs 3b and d) represent the weighted sum of sensitivity to velocity perturbation at any gridpoint.
The smoothing has more effects on high-frequency kernels as shown in Fig. 3 , where high-frequency oscillations far from the ray path are smoothed out. In contrast, the sensitivity kernels of low frequencies are much less affected by the Gaussian smoothing.
S T U DY A R E A A N D S E I S M I C DATA
Rayleigh-wave data used in this study are collected from the Southern Africa Seismic Experiment (SASE) that operated from 1997 April to 1999 July (Carlson et al. 1996) . The SASE network consisted of 82 broad-band seismic stations and extended across southern Africa from the Cape Fold belt to the Zimbabwe Craton (Fig. 1) . To better satisfy the plane-wave assumption in the TPW method, the study area, which needs be relatively small, is chosen as a subregion of the SASE array including the Kaapvaal Craton and its vicinity. The Kaapvaal Craton was assembled before 3.0 Ga and is bounded by Proterozoic mobile belts (the Kheiss thrust belt, the Namaqua-Natal belt and the Limpopo belt) to the west, south and north, respectively (de Wit et al. 1992) . The craton was disrupted by the Bushveld event, an intracratonic intrusion at 2.05 Ga (de Wit et al. 1992) .
Rayleigh-wave data from 55 SASE stations and three long-term GSN stations in the Kaapvaal Craton and its vicinity are analysed and inverted for phase velocities. Selected teleseismic events have magnitudes greater than or equal to 5.8 and epicentral distances between 20
• and 120
• from the centre of the array. A total of 80 events from a broad range of azimuths (Fig. 4) show high-quality surface waves, which provide dense crossing ray paths within the station array and in the Kaapvaal Craton (Fig. 5) . The first step of data analysis is to correct different instrument responses to the same type for all seismograms. Vertical component seismograms are filtered at 18 central frequencies ranging from 6 to 50 mHz using a Butterworth filter with a 10 mHz bandwidth. Data quality is controlled by virtual inspection on waveforms. The number of Rayleigh wave trains varies from over 1800 at intermediate periods (40-67 s) to about 800 at very short and long periods. Phases and amplitudes of Rayleigh waves are calculated using a Fourier transform approach and are normalized relative to a reference station for each event. Details about the approach of data analysis can found in Li et al. (2003) and . These phase and amplitude data are inverted for phase velocities using the TPW method with the smoothed 2-D sensitivity kernels.
P H A S E V E L O C I T Y I N V E R S I O N

Isotropic phase velocity
The average phase velocity of the study area is calculated at each frequency from inversions using Gaussian sensitivity functions. It increases with period from 3.668 km s -1 at 20 s to 4.425 km s -1 at 167 s (Fig. 6 ). The average phase velocities are needed in generating 2-D sensitivity kernels and are also used as starting values in 2-D phase velocity inversions. The study area is parametrized with 285 gridpoints with a space interval of 0.75
• . The a priori error for phase velocity is set as 0.25 km s -1 at the inner nodes and 2.5 km s -1 at the edge nodes (the most outside two rows and columns). The loose constraint at the edge is necessary especially when the incoming wavefield is more complicated than the TPW solution. In this case, the inaccuracy in representing the incoming wavefield by the two plane waves is largely mapped to phase velocities at the edge nodes so that its effect on phase velocities within the array can be minimized. Phase velocities from inversions using 2-D kernels are displayed in Fig. 7 . The maps are clipped using the contour of 1.75 per cent for twice standard deviation of phase velocity perturbation at 50 s. Anomalies that are strong in amplitude and size and consistent in frequencies are considered robust. High phase velocity anomalies are consistently present in the Kaapvaal Craton to the south of the Bushveld Province from 20 to 100 s. At longer periods, the positive anomalies appear in the central and northern parts of the craton. Low velocities are mainly imaged at the Kheiss Belt and the Bushveld Province from 20 to 35 s, which probably reflect relatively thick crust according to receiver function studies (Nguuri et al. 2001; James et al. 2003; Nair et al. 2006 ) and tomography models from ambient noise data (Yang et al. 2008) . The western Bushveld Province is relatively slow till 100 s and then becomes fast at longer periods. The most southern part of the study area, the northern Namaqua-Natal belt, is characterized by a slow anomaly at all periods, indicating a thin lithosphere and a warm asthenosphere. This slow anomaly extends in a NE direction at 100 s and penetrates more towards the Kaapvaal Craton at very long periods (111-167 s).
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Comparison of phase velocities
To understand finite-frequency effects in phase velocity images, phase velocity variations are also computed using the TPW method with Gaussian sensitivity functions (Fig. 8) . The maps at the same frequency in Figs 7 and 8 share significant consistence at the period range of 20-59 s in terms of the distribution and magnitude of highand low-velocity anomalies. Such similarity suggests that finitefrequency effects are negligible at periods less than 60 s in the TPW tomography. The similar magnitude of anomalies in Figs 7 and 8 is largely due to the 2-D sensitivity kernels being smoothed with the same characteristic length as used in calculating Gaussian sensitivity functions. It can be seen that the smoothed 2-D sensitivity kernel at 25 s (Fig. 3b) is similar to the distribution of Gaussian sensitivity in Fig. 2 .
At longer periods, phase velocity anomalies at the same period reveal greater differences between the two methods because the 2-D sensitivity kernels differ more from the Gaussian sensitivity (Figs 2 and 3). For example, at 100 s, although the average slow and fast areas are similar, the slow in the south is confined to the Namaqua-Natal Belt in Fig. 8 but extends more to north into the Kheiss Belt and the Kaapvaal Craton in Fig. 7 . At the very long periods (111-167 s), the pattern of slow and fast anomalies is significantly different between the two methods. The main negative anomaly from the inversions using Gaussian sensitivity functions changes its shape and location dramatically as a function of frequency. It is located at the northern Namaqua-Natal Belt at 111 s, appears to the southwest and extends in NNE direction at 125 s, changes to an EW stripe in the southern Kaapvaal Craton at 143 s and becomes a small circle at the southern Kheiss Belt at 167 s (Fig. 8) . On the other hand, the slow anomaly is much more consistent from the 2-D kernel inversions as shown in Fig. 7 . It is imaged in northern Namaqua-Natal Belt (111-143 s) and extends gradually towards NNE through the Kheiss Belt into the Kaapvaal Craton (125-167 s).
A more quantitative way to view the difference of phase velocities from the inversions using 2-D sensitivity kernels and the inversions using Gaussian functions is to correlate the maps at the same frequency. Fig. 9 shows such correlations at six periods. The best fitting straight line in each data set is found by a least-square type inversion considering errors in both coordinates (Press et al. 1992) . This line fits well the diagonal line at 40 s but deviates significantly to the diagonal at 125 s and 167 s. Correlation coefficients decreases almost systematically with increasing period from 0.86 at period of 40 s to ∼0.6 at 100 s and 0.34 at 167 s. This observation suggests that finite-frequency effects are highly significant in the original TPW tomography at periods greater than 100 s.
Another comparison between the two methods is performed by correlating phase velocity anomalies at two adjacent periods (Fig. 10) . The correlation for the tomographic results using Gaussian functions gives a roughly constant correlation coefficient of 0.6 at all three period pairs of 50-59, 111-125 and 143-167 s. On the other hand, the correlation for the inversions using 2-D sensitivity kernels improves with increasing period and the correlation coefficient changes from 0.56 to 0.78 from intermediate to long periods. The high correlation at long periods is expected considering Shear wave model of southern Africa 837 more overlaps in their sensitivity kernels to Earth structure, less heterogeneity in the mid-upper mantle than in the shallower depths, and more correlated noise and data due to more overlap in the frequency windows (Weeraratne et al. 2003) . These comparisons show that finite-frequency effects are significant at periods above 100 s in regional TPW tomography using Gaussian functions and 2-D sensitivity kernels are to be strongly recommended in this method.
Azimuthal anisotropy
Azimuthal anisotropy can be computed simultaneously with phase velocities in the inversions of Rayleigh-wave phase and amplitude data (Li et al. 2003; . To solve for azimuthal anisotropy, Rayleigh-wave phase velocity c at a given frequency ω is expressed as a function of azimuth ϕ,
where A 0 is azimuthal averaged phase velocity and A 1 -A 4 are azimuthal anisotropic coefficients (Smith & Dahlen 1973) . The four ϕ terms are ignored because their coefficients are small. The amplitude of anisotropy is expressed as (A Craton (Silver et al. 2001) , anisotropy is assumed to be uniform in the craton and the outside regions are treated as isotropic in the inversions for phase velocity and azimuthal anisotropy.
Azimuthal anisotropy results determined from the 2-D kernel inversions are plotted in Fig. 11 for the period range of 40-111 s, which are more sensitive to the mantle lithosphere of the Kaapvaal Craton. Although the fast direction and magnitude of anisotropy varies with frequency, the results can be divided in two groups. The average anisotropy from 40 to 67 s is 0.8 per cent with the fast direction at N55
• E while the anisotropy is much weaker (<0.4 per cent) at periods from 77 to 111 s. Variable fast directions at periods 77 and 87 s are not well constrained because the anisotropy is too weak. Azimuthal anisotropy from Rayleigh wave can be traded off against lateral heterogeneity in isotropic structure, especially when velocity anomalies have preferred orientations. This should not be a problem at most frequencies in the Kaapvaal Craton because phase velocity anomalies are not well aligned in one direction, but the anomalous NNE-SSW fast direction at 59 s could be attributed to the NS aligned fast anomalies and EW aligned slow anomalies within the Kaapvaal Craton (Fig. 7) .
The largest anisotropy change is observed from 67 to 77 s. Although these two periods have similar depth sensitivity to the Earth structure, their peak sensitivity depths differ about 20 km. The different sensitivity can be reflected in 1-D (Fig. 6 ) and 2-D (Fig. 7) phase velocity changes at the two periods. A close inspection shows that the relative strong NE anisotropy at 67 s has a large contribution from the central and northern Kaapvaal Craton where two fast anomalies imaged in the isotropic inversion (Fig. 7 ) disappear Shear wave model of southern Africa 839 in the anisotropic inversion. In contrast, fast anomalies of phase velocity at 77 s in southern and eastern Kaapvaal Craton (Fig. 7 ) appear in both isotropic and anisotropic inversions. The anisotropy at 67 s is more likely a real feature rather than an artificial result due to a trade-off with fast anomalies since shear wave splitting results (Silver et al. 2001 ) also revealed stronger anisotropy in northern part of the Kaapvaal Craton.
The general NE-SW fast direction at 40-67 s from Rayleighwave tomography is consistent with the shear wave splitting results in the Kaapvaal Craton (Silver et al. 2001 (Silver et al. , 2004 ) and probably attributed to a frozen fabric located in the shallow part of the cratonic lithosphere. The weak anisotropy at 77-111 s, which corresponds to the depth range of 120-180 km, could be caused by thermal and/or mechanical interaction between the lithosphere and the asthenosphere. Because the Africa plate moves slowly relative to the hotspots (Gripp & Gordon 2002; Burke & Torsvik 2004 ) the platedriven component is not observed. Mantle flow from small-scale convection (England & Houseman 1984; King & Ritsema 2000) could also make contributions to anisotropy at long periods, but the flow might be weak or the pattern could be complicated and its net contribution could be either small or averaged out in the assumption of uniform anisotropy in the Kaapvaal Craton.
S H E A R WAV E S T RU C T U R E
1-D shear wave structure beneath the Kaapvaal Craton is obtained by inverting average Rayleigh-wave dispersions using the method of Saito (1988) . In this inversion, the model AK135 is used as the starting model and a 40-km-thick crust is assumed according to the Moho depth variation determined from receiver functions (Nguuri et al. 2001) . There are 18 layers in the velocity model from surface to 410 km depth. As shown in Fig. 6 , although velocities in each layer cannot be perfectly resolved, the average velocity at the depth ranges of 40, 70 and 100 km can be well determined from the surface to about 260 km depth.
The 1-D shear wave model in the Kaapvaal Craton reveals a fast mantle lid to the depth of ∼180 km (Fig. 6) . The highest shear wave velocity is ∼4.75 km s -1 at 60-100 km depths. A weak low-velocity zone (LVZ) exists beneath the mantle lid to the depth of 260 km with the lowest velocity of 4.53 km s -1 at 180-200 km. This observation is similar to the average structure beneath the SASE stations determined by Li & Burke (2006) but the velocity is overall slightly higher from this study because it focuses more on the Kaapvaal Craton (Fig. 6) . The 1-D shear wave velocity profile from Rayleighwave data is largely consistent with the results from cratonic mantle xenoliths in southern Africa, which shows a variation of shear wave velocity from 4.71 km s -1 at 50 km depth to 4.65 km s -1 at 170 km .
A 3-D shear wave model is constructed from the 1-D models at each map point using the same inversion technique. The AK135 model is used as the starting model instead of the 1-D model obtained because the study area consists of different tectonic provinces that have large velocity variations, while the 1-D model largely reflects the structure of the Kaapvaal Craton and could be more different from the structure of the other provinces than the AK135 model. The crustal thickness is solved simultaneously with shear velocity in the inversions and its initial value is estimated by interpolating the crustal thickness at the SASE stations from receiver functions (Nguuri et al. 2001; Nair et al. 2006) . A large damping constraint is 840 A. Li applied to the crustal thickness in the inversion so that the resulting value is close to the starting value.
3-D variations of shear wave velocity are illustrated in maps and cross-sections in Figs 12 and 13. The fast cratonic keel is largely confined above 160 km depth, which is underlain by a relative LVZ at the depths of 160-260 km (Fig. 13) . The bottom of the LVZ is largely controlled by the starting model since Rayleigh-wave data in this study have poor resolution at that depth (Fig. 6) . This observation of a fast lid and an LVZ agrees well with that found by Li & Burke (2006) in the same area from the TPW method using Gaussian functions (Fig. 13) .
Strong lateral variations are also imaged beneath southern Africa (Fig. 12) . The Namaqua-Natal Belt at the southern end of the map appears slower than the Kaapvaal Craton in the upper mantle. Anomalies in the Keith Belt at the west edge of the study area are relatively weak and dominantly negative at depths below 120 km. In the cratonic lithosphere above 120 km, the highest velocity is imaged in the central part of the craton and a low velocity anomaly appears in the Bushveld Province (Figs 12a-c) . This slow anomaly is probably due to high iron content caused by the Bushveld intrusion at 2.05 Ga. Any thermal anomaly related to that event would have disappeared after 2 billion years. Interestingly, a fast anomaly is present beneath the slow anomaly in the Bushveld Province to at least 300 km depth, which is better captured in Fig. 13(c) at the distance of ∼8
• from point C. The vertical alignment of the slow and fast anomalies in the Bushveld Province is a new feature in the model developed using 2-D sensitivity kernels. It is not observed in the model of Li & Burke (2006) who used the TPW method with Gaussian functions (Fig. 13d) .
Anomaly patterns in the Kaapvaal Craton are similar at the depth range of 140-220 km, which are significantly different from the pattern at shallower depths. The mantle is relatively slow beneath the central part of the craton and the fast areas are in southwest, north and northeast of the craton. As the fast regions tend to agree with the slow regions above them, they may largely reflect a more depleted mantle residual. Thermal disturbance may also contribute for the anomalies in this depth range if the LVZ is considered as the thermal boundary layer of the cratonic lithosphere (Lee et al. 2005; Yuan & Romanowicz 2010) .
The most obvious feature at depths below 220 km is a slow anomaly extending from the triple junction of the Kheiss Belt, the Kaapvaal Craton and the Namaqua-Natal Belt to the northwest Shear wave model of southern Africa 841 Jelsma et al. (2004) . Red lines show the locations of profiles in Fig. 13. of the Kaapvaal Craton. The slow anomaly might be purely thermal in origin considering that the absolute velocity at these depths is not much different from the global reference model (Fig. 6) . The scenario could be that relatively hot asthenosphere beneath the Namaqua-Natal Belt migrated towards the craton at depth through a weak zone beneath the Kheiss Belt and thermally eroded the cratonic lithosphere from below.
D I S C U S S I O N
3-D models of southern Africa from Rayleigh-wave tomography using 2-D sensitivity kernels and Gaussian functions (Li & Burke 2006) both image a fast Kaapvaal lithosphere extending to ∼160 km depth and an LVZ from 160 to 260 km. Using the LVZ as the upper bound of the lithosphere thickness, the new model from this study supports the conclusion of Li & Burke (2006) that the lithosphere thickness of the Kaapvaal Craton is at 180 ± 20 km. The actual lithosphere thickness from seismic models is subjective on definition and assumptions. If the contour of 4.6 km s -1 is chosen as the base of the lithosphere, it is roughly at 150 km depth for most of the craton (Fig. 13) . If one uses the most negative gradient to represent the base of the lithosphere (Van Der Lee 2002; Weeraratne et al. 2003) , its thickness beneath the Kaapvaal is probably at 120-140 km. If a high-velocity anomaly is considered as the indication of fast lithosphere (Ritsema & van Heijst 2000; James et al. 2001; Fouch et al. 2004) , its thickness could be 300 km or deeper.
The lithosphere is defined as the strong outer shell of the Earth, which is underlain by the viscous asthenosphere. Since the 842 A. Li lithosphere and asthenosphere exist as a pair, knowing one of them helps to determine the other. The cratonic lithosphere has been relatively well understood (Jordan 1988) , but the lithosphere thickness or the lithosphere-asthenosphere boundary (LAB) is still observationally elusive beneath cratons (Eaton et al. 2009 ). This is largely due to poor imaging and understanding of continental asthenosphere. If the asthenosphere beneath cratons has a similar seismic signature as in other tectonic provinces, in which velocity is lower than that in the lithosphere above, the LVZ at the mid-upper mantle beneath the Kaapvaal Craton in the surface wave model is an indication of the asthenosphere. Although seismic low velocity can be caused by high temperature and the presence of partial melt and water, water can efficiently reduce elasticity and viscosity in the asthenosphere (Karato & Jung 1998) . Recently, Peslier et al. (2010) found that olivine in peridotite xenoliths from the Kaapvaal Craton has relative high water content at 3.5-6 GPa, corresponding to the depth range of 100-180 km, which agrees well with the velocity reduction layer in this study. If the LAB is a sharp boundary, Rayleigh-wave phase velocities have poor resolution of the exact depth of the LAB because of the broad depth sensitivity of surface waves and the smoothing for adjacent layers applied in the inversion. S-receiver function technique theoretically has the potential to resolve a sharp LAB. However, the results in southern Africa from this method are more diverse than consistent (Wittlinger & Farra 2007; Savage & Silver 2008; Rychert & Shearer 2009) .
The model constrained using 2-D sensitivity kernels (Figs 12 and 13) reveals more details in shear wave structure and shows better images of anomalies at great depths compared with the model of Li & Burke (2006) . One interesting feature is the occurrence of a shallow low-velocity anomaly above a deeper high-velocity anomaly beneath the western Bushveld Province (Fig. 13c) . Since the negative anomaly is interpreted as the result of high iron content from the Bushveld intrusion at 2.05 Ma, the fast anomaly could be the more depleted residual mantle from which the iron was removed. Alternatively, the high-velocity anomaly might reflect mantle downwelling that has developed beneath the relatively dense lithosphere with high iron content. In either case, the fast anomaly is expected to be vertically beneath the low-velocity anomaly.
Another new observation is that kimberlites erupted at 104-65 Ma in the Kaapvaal Craton (Jelsma et al. 2004) tend to locate at places with low-velocity anomalies in the cratonic lithosphere (Figs 12 and 14) . Comparing the distribution of velocity anomaly at the map points with the distribution at the kimberlite sites (Fig. 14) , the best correlation between low-velocity anomalies and kimberlites is found at 100-140 km depths. The correlation becomes poor at 180 km and greater depths. This observation is in agreement with that kimberlites are produced by thermal disturbance in the lithosphere (Pasteris 1984) . The local thermal disturbance could generate melt and volatiles, which help to build up the pressure that eventually leads to the eruption of kimberlites. The low velocity beneath the kimberlite sites is a reasonable expectation, which might be a combination result of temperature and composition. The correlation between kimberlites and low-velocity anomalies at 100-140 km is largely consistent with the depth Shear wave model of southern Africa 843 distribution of xenoliths in southern Africa from thermobarometric methods ) and provides independent evidence for the origin of cratonic xenoliths.
C O N C L U S I O N
Rayleigh-wave phase velocities beneath the Kaapvaal Craton have been computed from the TPW inversion method using 2-D sensitivity kernels and are compared with the results using the Gaussian sensitivity functions. The comparison reveals that finite-frequency effects are highly significant above 100 s in the TPW tomography using Gaussian functions. Phase velocities from the 2-D kernel inversions show better correlations between adjacent frequencies and the correlation improves with increasing period. Low phase velocities at long periods (111-167 s) are consistently imaged in the southwest of the region and extend in a NE direction, while they appear at different places and orient in different directions from the inversions using Gaussian functions. Anisotropy from the inversions using the 2-D sensitivity kernels indicates a N55
• E fast direction, 0.8 per cent anisotropy at a period range of 40-67 s, corresponding to mantle lithosphere above 120 km. Anisotropy is much weaker (<0.4 per cent) at longer periods and the fast direction is less well determined.
A 3-D shear wave model is developed from the phase velocities obtained from the TPW inversions using the 2-D sensitivity kernels. This model confirms the observation found by Li & Burke (2006) for the fast mantle lid and a low-velocity zone beneath it and supports their conclusion on the depth range (160-200 km) of the Kaapvaal cratonic root. It also reveals more small-scale variations and a few new features in shear wave structure. They include a vertical alignment between a high-velocity anomaly at depths greater than 150 km and a shallow low-velocity anomaly under the western Bushveld Province, a low-velocity channel at the depths of 220-310 km from the Namaqua-Natal Belt to the western Kaapvaal Craton, and a good agreement between low-velocity anomalies at 100-140 km with the locations of kimberlites erupted at 104-65 Ma beneath the Kaapvaal Craton. The new model suggests that thermal and chemical disturbance to the craton could occur on small scale or at the base of the lithosphere although its stability has been maintained by the fast, cold and mechanically strong lithosphere.
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